Most breast cancers are invasive ductal carcinomas (IDC), and the prognosis for patients with IDC is affected by the size and histological grade of the tumor, the presence or absence of expression of the estrogen receptor (ER) and the progesterone receptor (PR), overexpression of human epidermal growth factor receptor 2 (HER-2) protein, lymph node metastasis, and vascular or perineural invasion. Currently, IDC is classified according to the immunoexpression of ER, PR, and HER-2.[@B1] Among triple-negative (ER^-^, PR^-^, and HER-2^-^) breast cancers (TNBC), the basal-like breast cancer (BLBC) group that expresses epidermal growth factor receptor 1 (EGFR) and/or cytokeratin (CK) 5/6 is associated with distinctive histological features, high histological grade, and worse overall and disease-free survival compared with hormone receptor-positive and HER-2-overexpressing groups.[@B2]

EGFR is an important biomarker for the diagnosis of BLBC, and its expression has been reported in 5-36% of Asian breast cancers, as determined by immunohistochemistry; its expression is inversely correlated with ER expression.[@B3],[@B4] Overexpression of EGFR in TNBC patients confers improved response to neo-adjuvant treatment; however, co-expression of HER-2 and EGFR has been associated with enhanced tumorigenesis and increased metastatic potential in breast cancer cell lines.[@B5],[@B6]

EGFR is a member of the EGFR family of tyrosine kinase receptor proteins and is a molecular target in a variety of cancers, including colorectal cancer, non-small cell lung cancer (NSCLC), and squamous cell carcinoma of the head and neck.[@B7],[@B8] Tyrosine kinase inhibitors and monoclonal antibodies have been evaluated in patients with mutations in the corresponding gene, *EGFR*, and increase in *EGFR* copy numbers.[@B9],[@B10] However, *EGFR* gene amplification occurs with low frequency, and activating mutations are extremely rare in breast cancers.[@B4],[@B11]-[@B15] Thus, to date, EGFR-targeted therapy has yielded disappointing results.

In this study, the EGFR expression was studied and compared with changes in the gene copy number in IDC. The clinicopathological features of breast cancer were compared among patients with HER-2 and EGFR co-expressing tumors, those with tumors that co-expressed EGFR and CK5/6, and patients with EGFR-expressing tumors that lacked HER-2 and CK5/6 expression.

MATERIALS AND METHODS
=====================

Selection of cases
------------------

Among 946 breast cancer patients whose cancer was diagnosed at the Anam Hospital of Korea University Medical Center between September 2005 and July 2011, 706 patients with IDCs were identified and analyzed in this study. All cases were routinely processed and diagnosed with immunohistochemical stains for ER, PR, HER-2, CK5/6, EGFR, p53, and Ki-67. All clinicopathological findings, including age of the patient, tumor size, histological grade, lymph node metastasis, treatment modality, and patient survival were retrieved from the pathological and clinical records.

Immunohistochemical staining
----------------------------

The routinely processed paraffin blocks were cut into sections of 4 µm thickness; these sections were deparaffinized in xylene and hydrated by immersing in a series of graded ethanol. Antigen retrieval was performed in a microwave by placing the sections in epitope retrieval solution (0.01 M citrate buffer, pH 6.0 or 10 mM ethylenediaminetetraacetic acid, pH 8.0) for 20 minutes; endogenous peroxidase was blocked by immersing the sections in 0.3% hydrogen peroxide for 10 minutes. Immunostaining was performed using the Dako Autostainer plus Universal Staining System (Dako Cytomation, Carpinteria, CA, USA) with a ChemMate DAKO EnVision detection kit. The characteristics of the primary antibodies against ER, PR, HER-2, CK5/6, EGFR, p53, and Ki-67 are summarized in [Table 1](#T1){ref-type="table"}.

Expression of ER and PR was evaluated according to the Allred scoring system, and HER-2 expression was scored according to the criteria described in the HercepTest. In the case with 2^+^ HER-2 expression, a fluorescent *in situ* hybridization (FISH) study was performed. For EGFR expression, the same criteria were applied as for HER-2 ([Table 2](#T2){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}).[@B5],[@B6],[@B16] The expression of p53 and Ki-67 was counted in 1,000 tumor cells, and the percentage of positive cells was categorized as ≤60% or \>60%.

Construction of tissue microarray (TMA)
---------------------------------------

Hematoxylin and eosin-stained slides were reviewed and the appropriate area was marked. The corresponding formalin-fixed, paraffin-embedded tissue block was retrieved, and the selected area was marked. One 5 mm diameter core was punched out from each block sample and incorporated into a recipient paraffin block using a precision instrument (UNITMA Co. Ltd., Seoul, Korea). The TMA block was heated in an oven at 60℃ for 30 minutes and then embedded in a paraffin block.

FISH analysis of *EGFR* copy number
-----------------------------------

*EGFR* copy number was analyzed by FISH in a 4 µm-thick tissue section derived from the TMA block. A probe for the *EGFR* locus (7p11.2), labeled with Texas Red, was used in combination with a fluorescein isothiocyanate-labeled centromeric probe for chromosome 7. The procedure was performed according to the manufacturer\'s instructions (Cytocell, Cambridge, UK). The tissue section was incubated at 56℃ overnight, deparaffinized in xylene, hydrated in 100% and 70% ethanol, and treated in 0.1 M HCl at room temperature for 20 minutes. After incubation in the pretreatment reagent (Abbott Molecular Inc., Des Plaines, IL, USA) at 80℃ for 30 minutes, the section was digested with pepsin (2 mg/mL in 0.01 M HCl) at 37℃ for 10-20 minutes and dehydrated in an ethanol series. The probe set was applied, and the section was covered with a coverslip and sealed with rubber cement. For denaturation, the slides were incubated at 75℃ for 5 minutes; for hybridization, they were left in a humidified chamber at 37℃ overnight. Post-hybridization washes were performed in 0.4× saline sodium citrate buffer (0.4× SSC)/Nonidet P-40 (NP-40; pH 7.0) at 72℃ for 2 minutes and in 2× SSC/NP-40 (pH 7.0) at room temperature for 1 minute. After washing and drying at room temperature, the slide was counterstained with 4\'-6-diamidino-2-phenylindole I (10 ng/µL; Abbott Molecular Inc.) and analyzed via FISH.

FISH results were represented as the ratio of *EGFR* to chromosome 7 centromeric signals from 50 non-overlapping tumor cell nuclei. Gene amplification was defined as the presence of *EGFR* gene clusters and ≥2.0 or ≥15 copies of *EGFR* per cell in ≥10% of total cells. High polysomy was defined as a ratio of \<2.0 but displaying ≥4 copies in ≥40% of cells, whereas low polysomy was defined as 10-40% of cells in the population displaying ≥4 copies. Disomy was defined as ≥90% of cells containing ≤2 copies of both *EGFR* and centromeric probes. Low trisomy was defined when ≥40% of cells in a population displayed ≤2 copies, 10-40% of cells displayed three copies, and \<10% of cells displayed ≥4 copies, whereas high trisomy was defined as ≥40% of cells displaying ≤2 copies, ≥40% of cells containing three copies, and \<10% of cells containing ≥4 copies ([Fig. 2](#F2){ref-type="fig"}).[@B17],[@B18] High polysomy and gene amplification were determined from an increase of gene copy number.

Statistical analysis
--------------------

The dichotomized variables among the groups were statistically compared using Pearson\'s χ^2^ test. If the two-sided p-value was \<0.0167, the difference was regarded as significant. Disease-free survival was analyzed by constructing a Kaplan-Meier survival curve and compared with a log rank test. All statistical analyses were performed using the SPSS ver. 14.0.1 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

EGFR protein expression
-----------------------

The 706 IDCs identified here were classified into molecular subtypes according to immunohistochemical expression profiles; 378 belonged to the luminal A type (ER^+^ and/or PR^+^, HER-2^-^), 141 to the luminal B type (ER^+^ and/or PR^+^, HER-2^+^), 99 to the HER-2 type (ER^-^, PR^-^, HER-2^+^), 82 to the basal-like type (ER^-^, PR^-^, HER-2^-^, CK5/6^+^, and/or EGFR^+^), and six to the triple-negative, non-basal-like type (ER^-^, PR^-^, HER-2^-^, CK5/6^-^, EGFR^-^). HER-2^+^ was defined as HER-2 3^+^ or 2^+^ upon gene amplification analysis using FISH.

EGFR expression was found in 121 cases (17.1%): 31 of the 519 luminal A/B type (5.9%), 25 of the 99 HER-2 type (25.3%), and 65 of the 82 basal-like type (79.3%) cases. The luminal and HER-2 types that were EGFR^+^ and CK5/6^+^ were excluded; thus, 82 cases were selected and assigned to one of three groups on the basis of immunohistochemical expression profile ([Fig. 3](#F3){ref-type="fig"}) as follows: group 1 (HER-2^+^, EGFR^+^, CK5/6^-^), group 2 (HER-2^-^, EGFR^+^, CK5/6^-^), and group 3 (HER-2^-^, EGFR^+^, CK5/6^+^).

EGFR expression was scored as 1^+^ in 12 cases (14.6%), 2^+^ in 44 cases (53.7%), and 3^+^ in 26 cases (31.7%).

Changes in *EGFR* gene copy number
----------------------------------

*EGFR* disomy, trisomy, polysomy, and gene amplification were found in 28, 20, 18, and 16 of the 82 EGFR^+^ cases, respectively. Two high polysomy and 16 gene amplification cases (22.0%) were identified using FISH. Gene amplification and high polysomy in group 1 (seven of 17, 41.2%) was higher than that in group 2 (two of 18 cases, 11.2%) and group 3 (nine of 47 cases, 19.1%), but this difference was not statistically significant ([Table 3](#T3){ref-type="table"}).

EGFR protein expression and changes in the gene copy number
-----------------------------------------------------------

FISH analysis of *EGFR* showed only one case of gene amplification among 12 cases with EGFR 1^+^ expression (8.3%), six cases of amplifications and one case of high polysomy among 44 cases with EGFR 2^+^ expression (15.9%), and nine cases of amplification and one case of high polysomy among 26 cases with EGFR 3^+^ expression (38.5%) ([Table 4](#T4){ref-type="table"}). *EGFR* gene amplification and high polysomy were more frequent in cases with EGFR 3^+^ expression (p=0.021).

Clinicopathological characteristics of patients in the EGFR expression groups
-----------------------------------------------------------------------------

The clinicopathological characteristics of 82 patients with EGFR expression are summarized according to the various groups in [Table 5](#T5){ref-type="table"}. The age of the patients ranged from 25 to 75 years (mean, 50.4 years) at the time of diagnosis, and this criterion did not differ significantly among the groups. The mean tumor size was 1.4 cm in group 1, 2.5 cm in group 2, and 2.3 cm in group 3. The tumor size in group 1 was significantly smaller than that in group 2 (p=0.009), and cases scored as histological grade 3 were significantly more frequent in group 3 than in group 1 (p=0.001) and group 2 (p\<0.001). Lymph node metastasis was more frequent in group 1 patients than in group 2 and 3 patients, but this difference did not reach statistical significance. High Ki-67 labeling (\>60%) occurred significantly more frequently in tumors from group 2 patients than in those from group 1 (p=0.004) and group 3 (p=0.009) patients. There was no significant difference in high p53 expression (\>60%) among groups.

Disease-free survival of patients in different groups
-----------------------------------------------------

The treatment modality and recurrence of the tumor in the patients are summarized in [Table 6](#T6){ref-type="table"}. Group 1 patients with HER-2-expressing tumors were mainly treated with Herceptin and/or chemotherapy, with or without radiotherapy. Most of the patients in groups 2 and 3 with basal-like tumors were treated with chemotherapy only or in combination with radiotherapy. No additional treatment was administered to four patients.

Patients were followed up for a period ranging from 1 to 100 months (mean, 20 months). During this follow-up period, 14 patients experienced recurrence, and one of the group 2 patients died because of disease progression. The recurrence rate in group 1 patients (5/17, 29.4%) was higher than that in group 2 patients (2/18, 11.1%) and group 3 patients (7/47, 14.9%), but this difference did not reach statistical significance.

Kaplan-Meier survival curves for group-specific disease-free-survival are presented in [Fig. 4](#F4){ref-type="fig"}. Patients in group 2 had significantly better disease-free survival than did patients in groups 1 and 3 (p=0.0112). Patients in group 3 had better disease-free survival than did those in group 1, but this difference was not statistically significant. In three of eight patients with HER-2-expressing tumors, who were treated with Herceptin and experienced recurrence, EGFR expression was scored as 2^+^ or 3^+^. Patient survival showed no statistical correlation with either *EGFR* gene amplification and polysomy or the level of EGFR expression.

DISCUSSION
==========

Among breast cancers, those described as HER-2, basal-like, or triple-negative types are characterized by earlier age of onset, late clinical stage, and larger tumor size at diagnosis. These subtypes also have a higher histological grade, lymph node metastasis, and poorer overall and disease-free survival rates than do the hormone receptor-positive subtypes.[@B19],[@B20] Because patients with an ER^-^/HER-2^+^ immunophenotype may be treated with anti-HER-2 therapy, they have better overall and disease-free survival rates than do patients with TNBC.[@B21],[@B22] EGFR is used as a basal marker, but it also plays a role as a prognostic marker, because EGFR-expressing breast cancers are associated with poor overall and disease-free survival rates.[@B3],[@B14]

The incidence of EGFR expression in breast cancer is extremely variable according to published data.[@B3],[@B4] The most important factors underlying this variation seem to be differences in the study groups and the criteria used for scoring cells as positive. For example, some studies score only EGFR expression levels 2^+^ and 3^+^ as EGFR overexpression, whereas others also include EGFR protein expression level 1^+^.[@B22],[@B23]

In this study, all cases with EGFR expression from 1^+^ to 3^+^ were considered positive because *EGFR* gene amplification was reported in EGFR protein 1^+^ breast cancers.[@B12],[@B15] EGFR protein expression rate was 17.1% of 706 IDCs; 5.9% of luminal type, 25.3% of HER-2 type, and 79.3% of basal-like tumors. The tumors with HER-2^+^, EGFR^+^, CK5/6^-^ expression were smaller than the BLBC tumors with expression of EGFR and with or without CK5/6 expression. The tumors with expression of both EGFR and CK5/6 were in histologic grade 3 compared with tumors expressing EGFR alone or with HER-2. Tumors with expression of EGFR without HER-2 or CK5/6 had high Ki-67 labeling, and patients with this phenotype had better survival than the other patients. This may be partly due to the increased chemosensitivity of highly proliferative tumors.

HER-2, a member of the EGFR family, is overexpressed in 15-25% of IDCs, and this overexpression is mainly associated with gene amplification. Because adjuvant treatment with trastuzumab improves the survival of patients with HER-2 type breast cancers, HER-2 overexpression and/or gene amplification is now routinely evaluated in every primary breast cancer at the time of initial diagnosis or upon recurrence to select patients eligible for HER-targeted therapy.[@B24]

EGFR overexpression in a variety of human cancers is due to gene amplification and/or activating mutation. In breast cancers, both *EGFR* gene amplification and mutation are rare.[@B13] Studies using a chromogenic approach or FISH reported amplification in 0.8-14% of breast cancers.[@B4],[@B11]-[@B15] More importantly, gene amplification was reported in up to 21% of BLBCs and 37% of metaplastic carcinomas.[@B13] Although EGFR gene amplification was more commonly found in tumors that express high levels of EGFR, no positive correlation was observed between protein expression and gene amplification.[@B12] Another mechanism has been proposed for EGFR overexpression-alternative splicing of EGFR mRNA.[@B13] In the present study, the authors used FISH-positivity to score high polysomy and gene amplification. FISH-positive tumors were found at a frequency of 20.0% (18/82) in EGFR protein-positive breast cancers; the frequency was higher in HER-2 and EGFR co-expressing tumors than in BLBCs. The *EGFR* FISH-positive rate was associated with increased protein expression (8.3% in 1^+^, 15.9% in 2^+^, and 38.5% in 3^+^), and *EGFR* gene amplification and high polysomy were more frequent in cases where the EGFR protein level was scored as 3^+^. However, EGFR protein expression was not always accompanied by gene amplification.

Recent studies on NSCLC have reported that approximately 10% of NSCLC patients showed a clinical response to EGFR-targeted therapy.[@B7]-[@B9] Small-molecule EGFR inhibitors (tyrosine kinase inhibitors) and anti-EGFR monoclonal antibodies have been used in the clinic as molecular-targeted agents against EGFR for the treatment of patients with EGFR-expressing tumors; however, the results have not been promising.[@B13],[@B14]

Our current study and those of others demonstrate that EGFR protein expression and gene amplification are significantly associated with HER-2 protein expression and/or gene amplification.[@B25] The EGFR/HER-2 heterodimer is biologically more active than the EGFR homodimer, and it increases the growth potential of the cells. However, the results of clinical trials of dual inhibitors for EGFR and HER-2 revealed that the response depends more on the expression of HER-2 than on EGFR expression. This result is consistent with the finding that interaction of EGFR with other receptor kinases such as c-MET and IGF-1R is associated with resistance to EGFR-targeted therapy.[@B26] In the present study, three of five patients with recurrent HER-2^-^ and EGFR-expressing tumors had EGFR protein expression levels of either 2^+^ or 3^+^. Further studies should be performed to define the significance of EGFR protein expression and/or gene amplification in HER-2-positive tumors. Because EGFR regulates the epithelial-mesenchymal transition, EGFR-targeted therapies have been performed in combination with cytotoxic drugs to inhibit invasion or metastasis.[@B14],[@B27],[@B28]

Recent studies confirm that EGFR is a potentially important target in EGFR-expressing breast cancer, in particular, in BLBC cases. Because the frequencies of *EGFR* gene amplification and mutation are low, EGFR protein expression may be a more useful biologic predictor.[@B4] However, standardization of the methodology and scoring system for protein expression and understanding the pathogenetic mechanisms responsible for protein overexpression are essential to stratify patients for EGFR-targeted therapy.
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Characteristics of the primary antibodies
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ER, estrogen receptor; PR, progesterone receptor; HER-2, human epidermal growth factor receptor; CK, cytokeratin; EGFR, epidermal growth factor receptor; p53, p53 protein; Ki-67, Ki-67 antigen.
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Immunohistochemistry scoring of EGFR protein expression according to HercepTest criteria
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EGFR, epidermal growth factor receptor.
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*EGFR* gene copy number changes according to group
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Values are presented as number (%).

EGFR, epidermal growth factor receptor; HER-2, human epidermal growth factor receptor; CK, cytokeratin; FISH, fluorescent *in situ* hybridization.

###### 

Correlation between EGFR protein expression and gene copy number changes
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Values are presented as number (%).

EGFR, epidermal growth factor receptor; FISH, fluorescent *in situ* hybridization.
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Comparison of the clinicopathological characteristics of the patients among the groups
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Values are presented as number (%).

HER-2, human epidermal growth factor receptor; CK, cytokeratin; EGFR, epidermal growth factor receptor; LN, lymph node.
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Summary of the treatment modality in addition to surgery
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Number in the parenthesis represents the recurrence.

HER-2, human epidermal growth factor receptor; CK, cytokeratin; EGFR, epidermal growth factor receptor.

^a^Includes the dead patient.
